IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
APPLICATION FOR U.S. LETTERS PATENT 



Title: 

SYSTEMS AND METHODS FOR DETERMINING THE SPECTRAL CONTENT OF AN 

OPTICAL SIGNAL 

Inventors: 

Mohan Gurunathan 
575 South Rengstorff Ave. Apt. 102 
Mountain View, CA 94040 
Citizenship: US 

William Ian McAlexander 
150 Alexander Avenue 
Redwood City, California 94061 
Citizenship: US 

Tun S. Tan 
13910 Page Mill Road 
Los Altos Hills, California 94022 
Citizenship: US 



25284944.1 



Docket No.: 10021209-1 

SYSTEMS AND METHODS FOR DETERMINING THE SPECTRAL CONTENT OF AN 

OPTICAL SIGNAL 

TECHNICAL FIELD 

[0001] The present invention is directed to systems and methods for determining the 
spectral content of an optical signal. 

BACKGROUND 

[0002] Heterodyne detection refers to detection in which a received signal is mixed 
with a local oscillator signal to generate an intermediate frequency (IF) for further processing. 
An example of heterodyne optical spectral analysis is discussed by Baney et el. in IEEE 
Photonics Technology Letters 14(3) (March 2002). FIGURE 1 depicts coherent optical spectrum 
analyzer 100 according to the discussed design. A optical signal (denoted by E s (t)) to be 
analyzed may be provided to an input fiber of 2x2 optical coupler 101 . Local oscillator 102 may 
provide a local oscillator signal (denoted by E L o(t)) to the other input fiber of optical coupler 
101. Optical coupler 101 superimposes the optical signals (E s (t) and E L o(0). The output signals 
from optical coupler 101 (denoted by E A (t) and E B (t), respectively) are utilized to illuminate 
respective photodetectors 103a and 103b (e.g., photodiodes). Amplification is performed by 
transresistance amplifers 104a and 104b. The output from one of transresistance amplifiers 104 
is subtracted from the other transresistance amplifier 104 by combiner 105. 

[0003] The heterodyne signal is given by A(t)cos(27tAft+A<|)(t)) where A is the 
heterodyne amplitude, Af is the heterodyne beat frequency, and A<|) is the heterodyne phase. The 
heterodyne amplitude (A) is related to the power of the local oscillator and the power of the 
optical signal. The heterodyne beat frequency (Af) is given by the instantaneous difference in 
frequency between the frequency of the optical signal and the frequency of the local oscillator. 
Likewise, the heterodyne phase (A<j>) is given by the instantaneous difference in phase between 
the phase of the optical signal and the phase of the local oscillator. 

SUMMARY 

[0004] Embodiments in accordance with the invention perform optical spectral analysis 
using heterodyne conversion of an optical signal. In accordance with the invention, the 
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heterodyne conversion may be advantageously performed in two stages. In the first stage, a 
phase-diverse heterodyne conversion occurs to convert a received optical signal into phase- 
diverse higher frequency IF signals. The higher frequency is chosen to coincide with a low 
intensity-noise region of the received signal. In the second stage, an electrical heterodyne 
conversion occurs to convert the higher frequency IF signals into phase-diverse lower- frequency 
IF signals. The lower frequency is chosen to coincide with the bandwidth of the electrical 
processing circuitry associated with the subsequent processing structure. The spectral analysis is 
then performed utilizing the lower-frequency IF signals. By processing phase diverse 
heterodyne signals, a quadrature representation of the spectral content of the optical signal may 
be obtained. The negative image and the positive image associated with typical bandpass 
filtering may be filtered with the quadrature representation thereby improving the resolution of 
the spectral analysis. Moreover, because the initial mixing frequency in the spectral analysis 
occurs at higher frequencies where intensity noise is lower, the requirements on balancing within 
the optical receiver are appreciably lessened. 

[0005] The foregoing has outlined rather broadly the features and technical advantages 
of embodiments in accordance with the present invention in order that the detailed description 
that follows may be better understood. Additional features and advantages will be described 
hereinafter which form the subject of the claims of the invention. It should be appreciated by 
those skilled in the art that the conception and specific embodiments disclosed may be readily 
utilized as a basis for modifying or designing other structures for carrying out the same purposes. 
It should also be realized by those skilled in the art that such equivalent constructions do not 
depart from the spirit and scope of the embodiments in accordance with the invention as set forth 
in the appended claims. The features which are believed to be characteristic of embodiments in 
accordance with the invention, both as to its organization and method of operation, together with 
further objects and advantages will be better understood from the following description when 
considered in connection with the accompanying figures. It is to be expressly understood, 
however, that each of the figures is provided for the purpose of illustration and description only 
and is not intended as a definition of the limits of embodiments in accordance with the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] For a more complete understanding of embodiments in accordance with the 
invention, reference is now made to the following descriptions taken in conjunction with the 
accompanying drawings, in which: 

[0007] FIGURE 1 depicts a coherent optical spectrum analyzer according to known 
designs; 

[0008] FIGURE 2 depicts a system for performing optical spectral analysis using 
heterodyne conversion of an optical signal in embodiments in accordance with the invention; 

[0009] FIGURE 3 A depicts a 3x3 optical coupler to facilitate discussion of the 
performance of spectral analysis by embodiments in accordance with the invention; 

[0010] FIGURE 3B depicts combining structure for generating a quadrature signal from 
the 3x3 optical coupler shown in FIGURE 3 A to facilitate the performance of spectral analysis 
by embodiments in accordance with the invention. 

[0011] FIGURE 4 depicts a complex plane representation of a heterodyne signal 

DETAILED DESCRIPTION 

[0012] FIGURE 2 depicts system 200 for performing optical spectral analysis using 
heterodyne conversion of an optical signal. System 200 advantageously performs heterodyne 
conversion in two stages. In the first stage, a phase-diverse heterodyne conversion occurs to 
convert the received optical signal into phase-diverse higher frequency IF signals. The higher IF 
is chosen to coincide with the minimal intensity noise contribution. Specifically, the higher IF is 
selected such that the higher IF is beyond the beat of any two components in the signal being 
analyzed. By selecting the higher EF in this manner, the relative intensity noise (RIN) may be 
eliminated. In the second stage, an electrical heterodyne conversion occurs to convert the higher 
frequency IF signals into phase-diverse lower- frequency IF signals. The lower IF enables the 
electrical signal to be down-converted to a frequency range which coincides with processing 
speed of signal processing block 205. The spectral analysis is performed utilizing the phase- 
diverse low-frequency IF signals. 
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[0013] As shown in FIGURE 2, the received optical signal is provided to NxN optical 
coupler 201 where N>2. Before provision to optical coupler 201, an optical signal may be 
provided to optical bandpass filter 202. Optical bandpass filter 202 may be a tunable 
narrowband preselector filter. The optical bandpass filter 202 functions to remove unneeded 
portions of the received optical signal which could contribute to RIN. Optical bandpass filter 
202 may be omitted for certain applications if desired. Local oscillator 102 (e.g., a suitable 
tunable laser) provides a tunable local oscillator signal to another input of NxN optical coupler 
201. NxN optical coupler 201 superimposes the optical fields and provides corresponding N 
outputs. Although NxN optical coupler 201 is shown in FIGURE 2 where N>2, other suitable 
structures may be utilized. For example, a network of 2x2 optical couplers may be utilized to 
couple the local oscillator signal with the signal to be analyzed. Alternatively, other optical 
hybrids may be utilized to generate the desired phase diversity including free space optical 
elements (e.g., beam splitters). 

[0014] Each output from NxN coupler 201 is utilized to illuminate a respective 
photodetector (shown as 103a-103c). The photodetectors 103a-103c may be implemented as 
photodiodes. Each photodetector 103 transforms its respective incident optical signal into a 
corresponding electrical signal. Furthermore, in one embodiment, photodetectors 103a- 103c are 
arranged in a serial manner. The serial arrangement of photodetectors 103a-103c forms 
intermediate nodes 206 and 207. Radio frequency (RF) filters/amplifiers 208a and 208b perform 
bandpass filtering at a sufficiently high frequency to eliminate RIN noise. RIN noise arises from 
the heterodyne beating of various spectral components within the signal spectrum itself. Higher 
frequency RIN can be attributed to beating between components of the signal with larger 
frequency separation. The RIN frequency range is ultimately limited by the spectral width of the 
signal. The filtered signals generated by RF filters/amplifiers 208a and 208b coincide with the 
minimal intensity noise region associated with the signal being analyzed. This implies that the 
actual center-frequency of the filtering should be larger than the effective spectral width of the 
unknown signal. RF filters/amplifiers 208a and 208b also amplify the voltages present at nodes 
206 and 207. The signals from RF filters/amplifiers 208a and 208b are higher frequency IF 
signals. 

[0015] The signals from RF filters/amplifiers 208a and 208b are mixed with an 
electrical LO signal from electrical LO 204. In embodiments in accordance with the invention, 
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RF mixers 203a and 203b may be implemented as image rejection mixers. Mixers 203a and 
203b perform an electrical heterodyne conversion in which the higher frequency IF signals are 
down-converted into relatively lower frequency IF signals. This is advantageous, because the 
higher frequency components at the first stage conversion do not suffer from the intensity noise 
found if lower frequency components were used. In other words, the second stage heterodyne 
conversion enables one to map intensity noise-free heterodyne components to lower frequency 
signals that are compatible with signal processing block 205. Accordingly, the requirements on 
intensity-noise subtraction (balancing) associated with photodetectors 103 are significantly 
relaxed. 

[0016] Signal processing block 205 may perform the spectral analysis. Signal 
processing block 205 may be implemented utilizing suitable analog circuitry. Alternatively, 
signal processing block 205 may be implemented utilizing analog-to-digital converting 
structures, a digital signal processor, and/or suitable executable instructions. Signal processing 
block 205 may perform spectral envelope detection because the heterodyne amplitude and 
heterodyne phase may be determined from the phase-diverse lower frequency IF signals. 
Furthermore, signal processing block 205 may separate the negative image from the positive 
image resulting from the filters present in RF filters/amplifiers 208. By isolating the images 
during the sweep over the appropriate spectrum, the resolution of the spectral analysis may be 
increased. 

[0017] Prior art (Figure 1) uses a scalar measurement of the heterodyne signal. As 
previously discussed, a heterodyne signal is given by: A(t)cos(27iAft+A<t>(t)). A single, scalar 
measurement of the heterodyne signal cannot resolve the heterodyne amplitude (A(t)), because 
there are two unknowns (i.e., the heterodyne amplitude, A(t), and the heterodyne phase, A<j)(t)). 
Even if A(t) is known or assumed to be constant in time, the heterodyne phase (A(|)(t)) cannot be 
determined with complete certainty, because the arccosine function is not single valued. 
Therefore, from a single measurement of the heterodyne signal, it is not possible to know with 
certainty the relative phase (A<|)(t)) nor whether the frequency difference (Af) is positive or 
negative. Furthermore, variations in the amplitude of the heterodyne signal makes the 
determination of the phase argument more problematic. 
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[0018] Embodiments in accordance with the invention overcome these difficulties by 
enabling two independent and simultaneous measurements of the heterodyne signal to obtain the 
two unknowns (the heterodyne amplitude (A(t)) and the heterodyne phase (A<j)(t)). Specifically, 
embodiments in accordance with the invention represent the heterodyne signal as a vector 
quantity of the form: A(t)e i(2 * Aft+A<Kt)) . The phase argument (27cAft+A<|>(t)) of the heterodyne 
signal can be computed without ambiguity by: arctan{Im{H(t)}/Re{H(t)}, where H(t) represents 
the vector heterodyne signal. Thus, the real and imaginary components of the heterodyne signal 
constitute the components to be simultaneously measured. The unambiguous nature of this 
phase computation can be understood by drawing H(t) as a vector in the complex plane as shown 
in FIGURE 4. The in-phase component (the "I" component) and the quadrature component (the 
"Q" component) non-trivially span the real and imaginary axes of the vector space 400. 

[0019] There are three main benefits to the vector representation of the heterodyne 
signal over the scalar representation. First, it becomes clear whether the heterodyne frequency 
(Af) is positive or negative. Secondly, the relative phase (Acj>(t)) can be determined without 
ambiguity. Finally, the phase measurement is now completely decoupled from variations in the 
heterodyne amplitude (A(t)) and, similarly, the measurements of the heterodyne amplitude (A(t)) 
are independent of variations in the relative phase (A<J)(t)). Thus, any system or method that 
generates or otherwise processes a heterodyne signal utilizing multiple signal components that 
non-trivially span the real and imaginary axes is said to generate or process phase diverse signal 
components. 

[0020] FIGURE 3A depicts 3x3 optical coupler 300 to facilitate discussion of the 
construction of a quadrature representation of the heterodyne signal. Specifically, a complex 
signal S may be represented as: I + iQ, where I is the in-phase component and Q is the 
quadrature component. The quadrature signal (S) is related to the heterodyne signal as follows: 
S = (Amplitude) e i(2 * Aft + A4>) « (P L oPunknown) 1/2 e i(271 Aft + A4 °, where P LO is the power of the local 
oscillator and P un known is the power of the signal being analyzed. The complex signal S, by 
construction, has a determined amplitude and phase. The amplitude is related to the unknown 
signal power (P unknown) thereby enabling the unknown signal power to be accurately measured 
independent of the value of the phase of the quadrature signal. 
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[0021] To construct the quadrature signal, optical coupler 300 as shown in FIGURE 3A 
includes three inputs (denoted by 301-303). Input 301 receives the optical signal to be analyzed. 
Input 303 receives the local oscillator signal. Signals Ei through E 3 from outputs 304-306 of 3x3 
optical coupler 300 are utilized to illuminate respective photodetectors 103a- 103c. The resulting 
photocurrents are labeled Pi through P 3 . Assuming that 3x3 optical coupler 300 is an ideal- 
coupler, signals Ei through E3 and Pi through P3 are given by equations (1) and (2): 
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where R is the response characteristic of photodetectors 103. 

[0022] By providing phase diversity (having multiple signal components that non- 
trivially span the real and imaginary axes) and by utilizing P 2 as a common mode channel, the 
three heterodyne signals Pi through P3 may be transformed into a quadrature representation. For 
example, combining block 350 of FIGURE 3B may generate the I-channel from (Pi - P3) and the 

Q-channel from (l/V3 )(Pi -2P 2 + P3). The resulting quadrature signal (S= I + iQ) is a complex 
signal that contains both amplitude and phase information. This construction of the quadrature 
signal is adapted according to the signal processing shown in FIGURES 3 A and 3B using a 3x3 
optical couplers. Quadrature representations may be generated utilizing similar techniques for 
other phase diverse configurations by those skilled in the art. 

[0023] By constructing the quadrature representation of the heterodyne signal, it is clear 
whether the heterodyne frequency (Af) is positive or negative. Secondly, the relative phase 
(A<j)(t)) can be determined without ambiguity. Finally, the phase measurement is now completely 
decoupled from variations in the heterodyne amplitude (A(t)) and, similarly, the measurements 
of the heterodyne amplitude (A(t)) are independent of variations in the relative phase (A<|)(t)). 
Because the measurement of the amplitude is independent, embodiments in accordance with the 
invention exhibit greater amplitude repeatability. Specifically, variations in the relative phase 
from analysis to analysis do not affect the resulting amplitude measurements. Moreover, after 



25284944.1 



7 



Docket No.: 10021209-1 

obtaining the quadrature representation, the quadrature signal may be subjected to complex 
filtering to separate the negative image from the positive image. For example, processing block 
205 may include an appropriate complex filter to separate the negative image from the positive 
image. Specifically, the complex filter may be constructed by utilizing a suitably windowed 
complex impulse response based on e~ 271 Af 1 or e +27t Aft to isolate either the negative image or the 
positive image. 

[0024] The arrangement in FIGURE 3B is slightly different than the arrangement 
shown in FIGURE 2 for the purpose of simplifying the discussion for the convenience of the 
reader. Specifically, each signal of signals Pi through P 3 is shown to be processed individually 
in FIGURE 3B. However, in FIGURE 2, a "head-to-toe" arrangement is shown in which the 
higher frequency IF signals of the first stage of the heterodyne conversion originate from nodes 
between photodetectors 103. The arrangement shown in FIGURE 2 is advantageous because it 
only involves two signal paths from the first stage of the heterodyne conversion. The depicted 
head-to-toe arrangement of FIGURE 2 implements the intensity-noise subtraction. The 
formation of the quadrature signal from the down-converted representative signals may be 
performed by, for example, by appropriate digital signal processing associated with processing 
block 205. By isolating the images, the spectral resolution of the spectral analysis may be 
improved. 

[0025] Embodiments in accordance with the invention enable the amplitude and 
relative phase of the heterodyne signal to be determined. As a result, the amplitude-repeatability 
of the spectral analysis is appreciably improved, because the amplitude measurement is not 
dependent upon the relative phase of the signal being measured and the optical local oscillator 
signal. Moreover, the optical frequency image resulting from bandpass filtering may be rejected 
due to the phase diversity characteristic. Furthermore, embodiments in accordance with the 
invention enable operation at frequencies where the intensity noise is appreciably lower. 
Therefore, the requirements on the intensity-noise subtraction are appreciably relaxed. Thereby, 
the balancing of the frequency responses on the photodetectors are eased. 

[0026] Although embodiments in accordance with the invention and its advantages 
have been described in detail, it should be understood that various changes, substitutions and 
alterations can be made herein without departing from the spirit and scope of embodiments in 
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accordance with the invention as defined by the appended claims. Moreover, the scope of the 
present application is not intended to be limited to the particular embodiments in accordance 
with the invention described in the specification. As one skilled in the art will readily appreciate 
from the disclosure, processes, machines, manufacture, compositions of matter, means, methods, 
or steps, presently existing or later to be developed that perform substantially the same function 
or achieve substantially the same result as the corresponding embodiments described herein may 
be utilized. Accordingly, the appended claims are intended to include within their scope such 
processes, machines, manufacture, compositions of matter, means, methods, or steps. 
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